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ABSTRACT 

This  program  conducted  experimental  and  theoretical  research  aimed  at  developing  an  optically 
driven  quantum  dot  quantum  computer.  In  addition  to  the  two  co-principal  investigators  (Sham  and 
Steel),  the  work  was  done  in  collaboration  with  Dan  Gammon  at  the  Naval  Research  Laboratory.  D. 
Gammon  had  responsibility  for  growing  and  characterizing  the  material,  LJ  Sham  is  responsible  for 
theoretical  support  and  concept  development,  and  DG  Steel  is  responsible  for  experimental 
demonstration  of  key  experimental  demonstrations  for  quantum  computing.  For  this  program,  the 
exciton  Bloch  vector  was  the  initial  qubit  for  preliminary  experiments.  Key  ideas  have  now  been  tested 
and  verified  on  this  system,  including  demonstration  of  a  quantum  controlled-NOT  gate  and  a 
theoretical  proposal  to  use  pulse-shaping  to  reduce  unintended  dynamics  leading  to  errors  and  to 
increase  computation  speed.  For  scalable  quantum  computation,  the  qubit  for  this  system  is  the  optically 
controlled  electron  spin  vector.  Initial  experiments  have  now  been  completed  demonstrating  that  we 
produce  single  charged  quantum  dots  (Gammon  at  NRL),  and  that  we  can  optically  control  and 
manipulate  these  states.  A  lower  limit  on  the  decoherence  rate  has  also  been  determined.  Most 
importantly,  we  have  constructed  a  proposal  for  a  scalable  architecture  for  optically  driven  spin  based 
quantum  computing. 
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Educational  Activity 

A  number  of  students  participated  in  the 
experimental  program  as  evidenced  in  the 
above  publications.  Six  of  the  students  have 
since  graduated  with  a  Ph.D  (Todd  Stievator 
(NRL),  Anthony  Lenihan  (UMd),  Xiaoqin 
Li  (J1LA/NIST),  Gang  Chen  (Lucent), 
Elizabeth  Batteh  (General  Dynamics), 
Gurudev  Dutt  (Harvard)).  At  the  end  of  this 
program,  there  were  six  students  continuing 
to  work  towards  their  Ph.D. 

In  the  theory  group,  a  postdoc.  Carlo 
Piermarocchi,  was  appointed  to  a  faculty 
position  in  Michigan  State  University  and 
has  now  built  a  robust  and  funded  research 
program.  A  student,  Pochung  Chan, 
completed  his  Ph.D.,  was  postdoc  for 
Birgitta  Whaley  at  UC  Berkeley  for  about  a 
year  and  then  recruited  as  a  faculty  in  Tsing- 
Hwa  University  in  Taiwan.  Of  the  two 
summer  undergraduate  interns,  Yseulte  Dale 
from  Stanford  did  a  great  job  for  us, 
coauthored  a  paper  on  pulse-shaping  and 
decided  on  graduation  to  teach  science  and 


build  a  chain  of  high  schools.  Raiser  Karasik 
from  NYU  got  really  interested  in  quantum 
computing  through  the  summer  research  and 
she  was  admitted  to  the  graduate  program  in 
Berkeley,  working  in  Whaley's  group. 

Brief  Outline  of  Research 

Findings; 

Nearly  all  of  the  research  findings 
presented  in  this  report  have  been  presented 
in  the  annual  reports  resulting  in  33  journal 
publications.  However,  for  completeness, 
we  summarize  some  of  the  most  exciting 
results.  The  work  in  this  program  is  done  in 
collaboration  with  the  fabrication  group 
headed  by  Dan  Gammon  at  NRL  and  the 
theory  group  headed  by  Lu  Sham  at  UC-SD. 

Experimental  Results 

(Done  with  close  collaboration  with 
theory,  see  discussion  below.) 

This  work  focuses  on  developing  and 
applying  the  necessary  methodology  for  the 
understanding  and  application  of 
semiconductor  quantum  dots  for  quantum 
computing.  Several  major  mile  stones  were 
achieved  during  the  present  program 
including  the  demonstration  of  an  all 
optically  controlled  semiconductor  quantum 
dot  based  quantum  NOT-gate,  publications 
of  a  model  for  a  scalable  quantum  computer 
based  on  optically  controlled  quantum  dot 
spins,  and  demonstration  of  optically 
induced  electronic  spin  coherence  and 
optical  control.  Future  work  is  focusing  on 
demonstrating  a  scalable  spin  based  system 
as  well  as  working  to  develop  long-lived 
coherent  states. 

During  this  program,  some  of  the  major 
developments  include: 
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1.  Demonstration  of  conditional 
quantum  logic  gate  with  optical 
readout 

While  we  are  now  moving  on 
aggressively  to  work  on  single  spin  qubits  to 
develop  a  quantum  gate  of  the  type  first 
described  by  our  collaborators  in  their  recent 
Phys.  Rev.  Lett.,  we  are  completing  the 
demonstration  experiments  of  quantum 
operations  using  exciton  qubits  which 
demonstrate  that  the  manybody  body  effects 
that  characterize  the  fast  decoherence  and 
coherent  optical  control  are  suppressed  in 
quantum  dots  leading  to  more  atomic  like 


In  this  program,  we  succeeded  in 
achieving  the  basic  demonstration  needed 
for  proving  feasibility  of  an  optically  driven 
solid  state  quantum  computer.  Specifically, 
we  demonstrated  coherent  optical  control  of 
the  quantum  motion  of  one  or  two  electrons 
in  effective  isolation  in  a  semiconductor 


nanosystem  leading  to  the  first 
demonstration  of  an  all  optically  controlled 
semiconductor  quantum  NOT-gate  with 
optical  readout. 

In  a  single  quantum  dot  (Fig.  1)  the  two 
qubits  correspond  to  the  optical  Bloch 
vectors  leading  to  formation  of  the  biexciton 
(two  electron-hole  pairs,  a  four-particle 
state)  which  have  been  proposed  as  the 
physical  realization  of  universal  quantum 
logic  gates. 

In  a  single  QD,  quantum  confinement 
greatly  enhances  the  higher  order  Coulomb 
interaction,  leading  to  the  formation  of  a 
bound  state  of  two  orthogonally  polarized 
excitons  and  decreases  the  role  of  manybody 
physics  which  leads  to  rapid  decoherence 
and  great  complexity  in  the  nonlinear 
response.  The  excitation  of  one  exciton 
affects  the  resonant  energy  of  the  other, 
which  corresponds  to  the  characteristic 
conditional  quantum  dynamics  needed  for 
quantum  computing.  In  this  system,  the 
optical  Bloch  vector  of  each  exciton 


The  pulse  control  of  the  biexciton 
dynamics,  combined  with  the  demonstrated 
control  of  the  single  exciton  Rabi  rotation, 
serves  as  the  physical  basis  for  a  two-bit 


conditional  quantum  logic  gate.  The 
experimentally  determined  truth  table  for  the 
gate  (see  Fig.  2  which  shows  the  magnitude 
of  the  density  matrix  terms  based  on  the 
experiments)  shows  the  features  of  an  all- 
optical  quantum  gate  using  interacting,  yet 
distinguishable  exciton  transitions.  Based 
on  various  optically  initialized  starting  state, 
evaluation  of  the  fidelity  yields  a  calculated 
value  of  order  0.7  for  the  gate  operation. 
This  logic  gate  is  the  basis  for  further 
development  of  inter-dot  logic  gates  for 
universal  quantum  computation. 

2.  Density  Matrix  Tomography 

Coherent  control  enabling  an  arbitrary 
rotation  of  the  optical  Bloch  spin  vector 
associated  with  either  the  optical  dipole  or 
the  electron  spin  is  an  essential  step  in 
demonstrating  coherent  optical  control  of 
any  electronic  system  for  many  proposed 
applications,  including  quantum  computing. 
In  the  case  of  quantum  computing,  for 
example,  single  qubit  (Bloch  vector) 
rotations  are  often  used  to  prepare  the  input 
states  for  logic  operations.  Fully 
characterizing  the  density  matrix  associated 
with  this  rotation  is  called  density  matrix 
tomography.  Alternatively,  the  performance 
of  a  quantum  logical  gate,  such  as  a 
controlled-NOT  gate  in  a  semiconductor 
quantum  dot,  is  characterized  by  its  gate 
fidelity.  In  order  to  calculate  the  realistic 
gate  fidelity  of  a  particular  gate,  one  must 
have  full  knowledge  of  the  output  state 
created  by  the  gate  operation,  namely  all 
values  of  the  complex  density  matrix  must 
be  measured.  Here  we  demonstrate  the 
ability  to  measure  the  off-diagonal  matrix 
elements  (pi2,  P21)  as  well  as  the  diagonal 
density  matrix  elements  (pn,  P22)  of  a  closed 
two-level  system,  which  leads  to  a  complete 
mapping  of  the  density  matrix  of  a  given 
qubit  in  a  single  quantum  dot  (QD). 


This  requires  new  capability  of  the  laser 
system,  so  our  objective  in  this  was  to  use 
the  exciton  system  (rather  than  spin),  which 
is  more  established,  and  demonstrate  that 
our  new  optical  capability  can  achieve  this 
new  result. 

In  the  exciton  regime,  optical  excitation 
driving  transitions  between  the  crystal 
ground  state  and  the  exciton  state  translates 
to  a  rotation  of  the  Bloch  vector  or  qubit 
from  state  |0>  to  |1>.  The  optical  pulse  area, 

0,  is  defined  by  d(t)  =  [neg/h]°f  dtE(t)  .  A 

-00 

pulse  area  of  n  exchanges  the  two  basis 
states,  |0>  and  |1>,  of  the  qubit,  in  particular, 
the  populations  between  these  states,  i.e., 
population  in  qubit  state  |0>  will  be  fully 
inverted  to  state  |1>  or  vice  versa.  In 
general,  we  can  apply  pulses  with 
corresponding  pulse  areas  from  0  to  1  to 
create  from  the  ground  state  (say  |0>)  an 
arbitrary  superposition  of  |0>  and  |1>.  This 
ability  is  demonstrated  in  the  optically 
driven  single  exciton  Rabi  oscillations 

Rabi  oscillations  manifest  themselves  in 
the  fact  that  the  population  of  the  exciton 
population  can  be  controlled  coherently  with 
a  single  laser  pulse.  However,  multiple 
consecutive  rotations  of  a  qubit  are  required 
in  practical  quantum  computation  processes 
or  to  reconstruct  the  density  matrix. 
Maintaining  the  relative  phase  information 
between  consecutive  single  rotations  is 
essential  for  these  applications  (e.g.  the 
Hadamard  gates,  similar  to  an  excitation 
with  a  n/2  pulse,  that  are  used  to  prepare  and 
collapse  the  qubit  in  logic  operations  in  error 
correction  codes  and  in  the  DJ  problem, 
need  to  have  a  strict  phase  relation  with  each 
other  in  order  to  achieve  the  correct  output). 
Coherent  optical  studies  show  that  the  phase 
coherence  of  an  exciton  qubit  is  of  the  order 
of  the  exciton  lifetime,  implying  negligible 
pure  dephasing.  In  other  proposed  quantum 
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systems  such  as  nuclear  magnetic  resonance 
(NMR)  and  trapped  ions  where  microsecond 
wide  pulses  are  used,  phase  locking  between 
rotations  can  be  done  electronically.  In  the 
QD  systems,  the  THz  computational  speed 
is  beyond  the  phase  locking  capability  of 
even  the  fastest  electronics  available. 

To  maintain  the  phase  coherence 
between  rotations  without  compromising  the 
speed  of  computation,  an  optical  approach  to 
phase  locking  is  used.  An  experiment 
demonstrating  the  capacity  of  optical  phase 
locking  is  conducted  using  two  actively 
phase-locked  pulses  from  a  Michelson 
interferometer  on  an  exciton-based  qubit. 
The  delay  and  the  phase  between  the  two 
pump  pulses  can  be  adjusted  with  a 
translation  stage  and  a  piezoelectric  mount, 
respectively.  The  piezoelectric  mount  is 
controlled  by  a  feedback  loop  to  compensate 
any  phase  jitter  in  the  optical  system. 

The  experiment  is  conducted  with  a  4  ps 
pulse  width  laser  in  a  pump  and  probe 
geometry.  A  Michelson  interferometer  in  the 
path  of  the  pump  beam  creates  two  pump 
pulses  (Pi,  P2)  with  tunable  coarse  (x  )  and 
phase  (<|))  delays  between  the  pulses.  The 
differential  transmission  (DT)  signal  is 
homodyne  detected  with  the  transmitted 
probe  beam.  The  first  pump  pulse  (Pi)  with 
an  arbitrary  pulse  area  (P|0)  creates  a  state 
with  an  arbitrary  density  matrix, 


Ml- 


P11 

P21 


P 12 
P22 


(1) 


We  can  measure  P22  with  a  simple 
population  readout  via  DT  which  has  a 
definite  relation  with  the  excited  state 
population,  then  pn  is  inferred  from  1 -P22- 
The  second  pump  pulse  (P2)  with  a  pulse 
area  (P20)  performs  a  rotation  (Rp20)  to  a  new 
state  characterized  by  a  new  density  matrix. 


M  2  = 


Pi  2 
P22. 


=  RP  M\R+P 

'20  r20 


(2) 


For  P20  =  ji/2,  p  22=  1/2  +  Im(pi2)  at  <p  = 
0  and  pf22=  1/2  -  Re(pi2)  at  <J>  =  jt/2  for  a 
closed  two-level  system.  Since  we  can 
measure  p'22  through  population  readout,  we 
can  extract  the  values  of  P12  and  P21.  In  the 
Bloch  picture,  the  second  pump  pulse  (P2) 
corresponds  to  an  active  rotation  of  the 
Bloch  state  vector  on  the  Bloch  sphere, 
which  projects  the  off-diagonal  components 
of  the  vector  onto  the  diagonal  component 
axis  of  the  Bloch  sphere,  making  them 
extractable  through  population  readout.  This 
active  ji/2  rotation  technique  is  widely  used 
with  magnetic  fields  in  nuclear  magnetic 
resonance  (NMR).  Here  the  method  is 
extended  to  optical  fields  in  a  semiconductor 
system. 


•  Single  id 2  pulse 
-M 


•  Interferogram  @  lOps 


4>  (radian) 


Fig.  3.  Decay  plots  of  a  single  n/2  excitation  and  an 
interferogram  taken  at  x=IO  ps  delay.  The  horizontal 
dash  lines  mark  the  value  of  each  population  readout. 
A  gives  p ' 2i=  0.73,  B  gives  p(22=  0.4  and  C  gives 
p22=  0.35. 


Using  equation  2  and  values  A,  B  and  C 
from  Figure  3,  we  obtained  pn=0.65, 
P22=0.35,  pi2=p*i2=0.1  l+i0.21  at  x=10  ps. 
In  a  simulation  calculation,  the  values  of 
pi  1=  0 . 6  0 ,  p  22=0.40,  and 
Pi2=P*i2=0.08+i0.21  are  comparable  to  the 
measured  values.  Due  to  the  finite 
population  decay  and  dephasing  of  this  two- 
level  system,  there  exist  discrepancies 
between  the  decoherence-free  values  (pu= 
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0.5,  p22=  0.5,  pi2=p*i2=  i0.5)  and  the 
measured  values  of  the  density  matrix 
elements  created  by  P|.  These  discrepancies 
can  be  minimized  by  using  shorter  pulse 
widths  and  systems  with  longer  decay  times. 


computation,  a  system  with  long  coherence 
time,  such  as  the  spin  system,  is  needed. 

3.  Coherent  Optical  Control  of  Single 
Spin  States 


In  an  ideal  Bloch  sphere  representation 
(Fig.  4),  the  qubit  state  prepared  in  (|0>  + 
|l>)/2  is  driven  to  the  pseudo-spin  down 
state  for  (J>  =  n  (Fig.  4a)  and  to  the  pseudo¬ 
spin  up  state  for  0  =  2k  (Fig.  4b).  In  reality, 
the  experimental  results  deviate  from  the 
ideal. 


Even  though  the  lifetime  of  the  qubit 
given  the  pulse  width  used  is  inadequate  for 
the  demonstration  of  a  complete  algorithm, 
it  is  enough  to  illustrate  another  important 
point:  the  quantum  memory  of  the  system. 
Due  to  the  memory  of  the  system,  the 
exciton  still  ‘remembers’  the  infonnation 
imposed  by  the  first  pulse  beyond  the  pulse 
duration,  enabling  the  second  pulse  to  access 
this  information  at  a  later  time.  The 
interferogram  in  Fig.  3  presents  a  clear 
example  of  the  quantum  memory,  which 
allows  two  pulses  to  interfere  with  each 
other  even  when  they  are  not  overlapped  in 
time.  The  span  of  the  memory  and  the 
coherence  lifetime  of  the  system  are 
essentially  equivalent.  For  practical 


Figure  5  shows  the  basic  idea  of  a 
quantum  dot  spin  qubit  shown  in  the  single 
particle  picture  and  shows  the  difference 
between  the  two  degenerate  ground  states. 
By  adding  a  single  electron  to  the  quantum 
dot,  the  ground  state  of  this  system  becomes 
doubly  degenerate  and  is  known  to  exhibit 
long  relaxation  times,  relative  to  the  exciton 
relaxation  time.  The  long  relaxation  time  is 
expected  to  lead  to  long  coherence  times.  A 
scalable  system  is  achieved  by  creating  an 
array  of  such  dots  within  a  few  10’s  of 
nanometers  of  each  other. 


Figure  5  Excitation  picture  for  the  charged  QD  with 
ground  states  |  X  ±)  denoting  electron  spin  projections 
+  1/2  along  the  x-axis  split  by  tl(Dc  =  PQgejcBx  The 
trion  states  |/  ±)  are  labeled  by  the  heavy-hole  angular 
momentum  projection  ±  3/2  along  the  growth  axis.  Solid 

(dashed)  lines  denote  transitions  excited  by  a+|<T-j 
light. 


Figure  6  shows  the  quantum  beat 
experiments  we  performed  in  ensemble 
measurements  in  this  system.  For 
comparison,  the  inset  of  Fig.  6b  shows  the 
beats  obtained  in  a  single  uncharged 


quantum  dot.  The  results  are  quite 
remarkable.  The  data  show  shows  that  the 
coherence  decay  time  of  the  beats  is  much 
longer  in  the  doped  system.  Physically,  the 
beats  arise  from  a  Raman  type  coherence 
induced  between  two  states.  In  the  case  of 
the  neutral  dot,  the  coherence  is  between  the 
two  excited  states  of  the  neutral  exciton. 
The  decay  time  in  that  system  is  limited  by 
the  radiative  recombination  time  that  is  very 
fast.  In  the  case  of  the  charged  dot,  the 
coherence  is  between  two  orthogonally 
polarized  spin  states  (|x±))  that  are  the 

ground  states  of  the  trion. _ 


Figure  6  Differential  transmission  (DT)  signal  as  a 
function  of  in-plane  magnetic  field  Bx  obtained  when 
the  laser  pulse  is  tuned  to  selectively  excite  the  trion 
resonance.  Data  shown  is  the  difference  between  PCP 
and  OCP  signals.  Solid  lines  show  obtained  fits  to  the 
data,  (b)  DT  signal  at  X  for  Bx  -  6.6 T  showing  no 
oscillations.  Inset:  Single  QD  exciton  beats  obtained  in 
the  Faraday  geometry  with  B -  =  0.9 T  .  (c)  Variation  of 

the  decay  rate  and  the  oscillation  frequency  with  the 
field  in  the  doped  dots.  We  extract  the  g-factor  to  be 
£^=±0.13.  The  coherence  relaxation  time  at  low 

fields  exceeds  10  nsec,  (d)  DT  spectrum  with  the  pulse 
delay  fixed  at  +10  ps.  The  shaded  region  is  the  pulse 
spectrum,  and  arrows  at  T  (X)  label  the  trion  (exciton) 
resonances. 


We  note  that  while  this  coupling 
between  two  orthogonally  polarized  spin 
states  is  normally  dipole  forbidden,  the 


magnetic  field  perpendicular  to  the  growth 
direction  mixes  the  states,  allowing  the 
transition.  The  insets  show  that  the  spin 
coherence  time  exceeds  1 0  nsec  at  B=0,  but 
this  is  a  lower  limit  since  the  measurements 
are  made  in  the  ensemble  and  are  likely 
inhomogeneously  broadened  (i.e.,  we  are 
measuring  r2*.) 

The  data  however,  also  shows  new 
physics.  A  measurement  of  the  phase  and 
amplitude  of  the  beats  shows  an  anomalous 
dependence  on  Zeeman  splitting  as  seen  in 
Fig.  7.  The  dashed  line  shows  the  prediction 
from  the  standard  theory.  The  standard 
theory  is  the  result  of  tracing  over  the 
radiation  field  giving  rise  to  spontaneous 
emission  assuming  the  selection  rules  are 
determined  by  spherical  symmetry  of  the 
electron-hole  interaction,  typical  of  atomic 
systems. 
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Figure  7  (a)  and  (b)  show  the  change  in  the  amplitude 

and  phase  of  the  oscillations  as  a  function  of  the 
splitting.  Solid  (dashed)  lines  denote  theoretical 
predictions  for  these  parameters  with(without)  the 
effects  of  SGC  included.  In  numerical  calculations,  the 
optical  pulses  are  assumed  Gaussian  with  the  intensity 

given  by  /(«>)  =  expj-  m2/2cj2)  (a  =  0.35  meV). 


However,  confinement  by  the  quantum 
dot  structure  breaks  this  symmetry,  and  a 
new  term  must  be  included  in  the  density 
matrix  description.  Specifically,  we  must 
account  for  spontaneous  emission  leading  to 
spin  coherence.  Such  spontaneously 
generated  coherence  has  not  been  observed 
before,  but  is  readily  anticipated  in  these 
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systems.  The  theoretical  prediction  for  the 
results  of  Fig.  7  are  seen  to  be  in  excellent 
qualitative  agreement. 

4.  Coherent  Optical  Control  of  Spin 
Coherence 

The  next  class  of  experiments  we  are 
working  on  is  the  demonstration  of  coherent 
optical  control  of  spin  coherence,  similar  to 
the  coherent  optical  experiments  we 
performed  on  the  exciton  and  published  in 
Science  in  the  previous  program.  Figure  8 
shows  the  3  Feynman  diagrams  for  the 
density  matrix  operator  that  lead  to  spin 
coherence.  Controlling  the  phase  between 
any  one  of  these  diagrams  can  lead  to 
constructive  or  destructive  interference  and 
serve  to  control  the  spin  coherence  of  the 
system  following  excitation  by  the  first 
pulse.  The  time  scale  for  control  between 
the  first  two  diagrams  will  be  on  the  order  of 
spin  precession  frequency  while  the  third 
diagram  controls  the  dipole  coherence  that 
effects  the  spin  coherence  and  has  a  time 
scale  of  the  inverse  optical  frequency  (fsec). 
A  critical  result  of  these  experiments  will  be 
to  prove  that  the  measurement  of 
decoherence  rate  of  the  spin  coherence  is 
real. 


Figure  8  The  Feynman  diagrams  for  the 
density  matrix  operator  that  lead  to  coherent 
optical  control _ 


THEORY 

The  theory  group  works  very  closely 
with  the  experimentalists,  investigating  the 
method  of  implementation  of  a  scalable 
quantum  computer  by  optical  control  of 
electron  spins  in  semiconductor  dots.  The 
theory  group  serves  both  the  function  of 
finding  the  methods  of  implementation 
governed  by  the  existing  and  potential 
experimental  boundaries  and  the  supporting 
role  in  understanding  the  experiments.  The 
publication  record  of  the  collaboration 
demonstrates  the  fruitfulness  of  the  close 
interaction.  This  part  of  the  report  contains 

( 1 )  a  designed  route  to  a  scalable  computer, 

(2)  a  summary  of  results  of  detailed 
descriptions  of  steps  in  the  theoretical 
implementation,  (3)  a  summary  of  results  of 
simulations  of  optical  controls  for  three 
algorithms  and  an  estimate  of  the  optical 
resources  required  for  a  typical  algorithm, 
and  (4)  a  description  of  specific  roles  which 
our  theory  plays  in  the  experiments.  We 
conclude  with  a  brief  description  of  the 
continuing  research  effort. 

1.  The  route  to  a  scalable  quantum 
computer  based  on  opto-spintronics 
in  the  quantum  limit 

Our  scheme  of  scalable  quantum 
computation  includes  these  basic  elements: 

1.  Qubits:  In  a  system  of  self-assembled 
InAs  quantum  dots  in  a  GaAs  layer,  each 
carries  one  conduction  electron  whose 
spin  represents  the  qubit. 

2.  Gates:  Optical  control  of  the  Raman 

process  between  the  two  spin  levels  of 
an  electron  and  a  trion  state  in  an  in 
plane  static  magnetic  field  (always  on)  is 
designed  for  arbitrary  single  qubit 
operations.  Adiabatic  control  of  optically 
induced  spin-spin  interaction  between 
two  electrons  residing  in  neighboring 
dots  is  used  for  an  entangling  gate 
between  two  qubits.  Together  these  two 
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groups  of  gates  are  sufficient  for 
universal  computation. 

3.  Addressing  the  qubits:  The  quantum 

dots  are  arranged  in  two  dimension. 
Each  laser  spot  is  focused  to  a  diameter 
of  about  0.1  pm  on  6-12  dots.  These  dots 
all  have  different  conduction  electron 
energy  levels.  Within  this  spot,  the  spin 
rotation  on  a  single  dot  is  carried  out  by 
frequency  selection.  For  the  logic 
operation  on  the  spins  in  two 
neighboring  dots,  the  AC  Stark  shift  is 
used  to  bring  the  excited  exciton  states 
in  two  dots  into  resonance  for  coupling 
of  the  two  dots,  illustrated  by  the  optical 
transition  labeled  "AC  Stark"  in  Fig. 
9(b).  For  more  details  see  below. 

4.  Initialization:  Laser  excitation  to  an 
excited  trion  followed  by  rapid  decay  to 
the  lowest  energy  trion  by  optical 
phonon  emission  and  by  optical  cooling 


of  one  spin  component  to  the  grounds 
state  is  used  to  prepare  a  pure  spin  state. 

5.  Readout:  We  have  in  principle  a  scheme 
for  a  single  photon  measurement  of  a 
single  spin.  The  photon  path  is  split  into 
one  through  the  dot  and  one  bypassing  it. 
The  polarized  photon  through  the  dot  is 
designed  to  measure  the  absorption  of 
the  photon  by  a  spin  state.  The 
occurrence  of  the  event  is  discriminated 
by  homodyning  the  resultant  photons 
from  the  two  paths.  Continuing  effort  is 
being  made  to  design  better  readout 
schemes.  In  the  meantime,  the  existing 
measurement  of  differential  transmission 
is  used  to  carry  out  time  averaged  (and, 
therefore,  not  scalable)  spin 
measurement. 
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Fig.  9  (a)  Architecture  of  a  quantum  computer  illustrated  by  a  row  (or  2  D  array)  of 
quantum  dots  under  two  laser  spots.  The  static  magnetic  field  is  along  the  x  axis  and  the 
growth  axis  of  the  semiconductor  heterostructure  and  the  optical  axis  is  along  z.  (b)  Energy 
schematics  for  the  quantum  gates  and  qubit  initialization. _ 
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2.  Components  of  the  quantum  opto- 
spintronic  computer 

l.a.  The  gates 

For  arbitrary  one-qubit  gates,  we 
constructed  a  theory  of  the  optical  pulse 
controlled  Raman  process  together  with  a 
static  field.  The  clock  speed  may  be  down  to 
about  10  ps  by  not  using  the  starting 
adiabatic  Raman  process.  For  two-qubit 
gates,  we  created  a  theory  of  optically 
controlled  Ruderman-Kittel-Kasuya-Yosida 
(RKKY)  exchange  interaction  between  spins 
of  two  neighboring  dots.  For  the 
experimental  implementation,  we  have 
modified  the  intermediate  state  to  be  an 
excited  quadrion  (three  electrons  and  one 
hole)  state  which  covers  both  dots  and  added 
the  element  of  optical  Stark  effect  to  move 
the  lowest  excited  conduction  state  of  one 
dot  into  resonance  with  the  other  dot.  The 
ability  of  an  electron  in  the  excited  state  to 


oscillate  between  these  two  dots  is  utilized 
to  bring  the  associated  excitons  in  two  dots 
to  resonance  for  the  appropriate  quadrion 
state.  The  process  of  optical  excitation  of 
excitons  which  induces  spin-spin  interaction 
between  two  local  spins  is  illustrated  in  Fig. 
10(a).  The  optically  (wavy  arrows)  excited 
electron  (straight  arrow)  in  the  excited  state 
with  wave  function  spread  in  the  two 
neighboring  dots  exchanges  with  both 
electrons  in  the  ground  states  of  the  two 
dots.  The  broken  arrows  with  the  cross 
vertex  denote  the  tunneling  process  of  the 
excited  electron  between  two  dots.  The  left 
hand  diagram  of  Fig.  2  (b)  depicts  the  single 
electron  energy  levels  of  two  dots  and  the 
right  hand  diagram  depicts  the  spin  structure 
of  the  state  of  three  electrons  and  one  hole 
(the  latter  spin  being  understood).  Different 
choices  of  optical  paths  lead  to  different 
logic  operations.  For  example,  the  dotted 
arrows  lead  to  a  swap  gate,  described  in  and 
the  dashed  arrows  lead  to  a  phase  gate. 


Fig.  10  (a)  Feynman  diagram  for  the  optical  control  of  the  RKKY  interaction,  (b)  Energy  levels 
schematics  of  a  two-dot  gate,  with  single  electron  levels  on  the  left  and  the  multi-particle  (three 
electrons  and  one  hole)  states  on  the  right.  The  hole  spin  is  not  shown. 


l.b.  Qubit  initialization 

The  initialization  of  spins  in  quantum 
dots  may  be  realized  by  laser  cooling 
process  as  depicted  in  Fig.  11(a).  We 


assume  that  the  spins  are  completely 
unpolarized.  A  laser  pulse  resonantly  pumps 
both  the  electron  spin  states  parallel  and 
antiparallel  to  the  z-axis  to  the  excited  states. 
The  two  excited  trion  states  relax  rapidly  to 
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the  ground  trion  states  1 1 1  ft)  and  |  T  |  ft)  by 
emission  of  LO-phonons.  The  hole  spins 
will  not  be  conserved  during  this  relaxation 
because  of  the  strong  spin-orbit  mixing  of 
the  valence  bands  in  the  excited  hole  states. 
A  second  optical  pulse  rotates  the  unwanted 
ground  trion  state  |t  1  ft)  back  to  the  electron 
spin  state,  establishing  a  fast  decay  channel 
to  build  up  the  ground  trion  state  |  f  j  ft). 


When  the  ground  spin  trion  state  |f  1ft)  is 
nearly  100%  occupied,  a  jr-Rabi  rotation 
brings  it  down  to  a  pure  spin  polarized  state 
|1).  The  most  time-consuming  step  of  this 
laser  cooling  process  is  the  phonon  emission 
which  has  the  rate  of  about  25  GHz 
(equivalent  to  0.1  meV),  so  the  full 
initialization  process  can  be  completed  in 
about  1 00  ps  using  3  optical  pulses. 


Fig.  1 1  (a)  Optical  processes  for  spin 
initialization,  (b)  Single  spin 
measurement  by  a  probe  pulse. 


1. c.  Readout 

The  whole  computation  procedure  may 
be  regarded  as  analogous  to  the  time- 
resolved  pump  and  probe  spectroscopy.  The 
whole  initialization  and  computation  steps 
form  a  sequence  of  pump  pulses.  The  probe 
pulses  perform  the  readout  of  the  spins  by 
differential  transmission  measurement  of 
each  dot.  The  practical  difficulties  lie  in  the 
single  shot  detection  of  the  photon.  For 
demonstration  purposes,  we  may  adopt  the 
current  measurement  procedure  of  repeating 
the  computation  process  at  13  ns  intervals 
and  collect  sufficient  photons  for 
measurement.  We  are  aware  of  the  fact  that 
such  processes  are  the  time  averaging 
equivalent  of  the  ensemble  average  and  are, 
therefore,  not  scalable. 

2.  Simulation  of  algorithms,  fidelity, 
and  resource  requirement 

A  major  concern  in  the  efficient 
implementation  of  quantum  operations  and 


algorithms  is  the  minimization  of  errors.  We 
divide  the  sources  of  errors  into  two  classes, 
one  which  involves  the  discrete  states  in  the 
quantum  dots  inside  or  outside  the  qubit 
Hilbert  space,  labeled  as  unintended 
dynamics,  and  one  which  involves  systems 
with  continua,  in  our  case  the 
electromagnetic  vacuum  and  the  many- 
electron  continuum,  commonly  known  as 
the  environment.  To  control  unintended 
dynamics,  we  investigated  the  use  of  pulse 
shaping.  The  study  of  the  environmental 
noise  and  its  avoidance  is  now  a  key  topic  in 
our  ongoing  research. 

In  concert  with  the  experimental 
development  in  this  project,  we  study  first 
the  theoretical  aspects  of  the  control  of 
excitons  in  quantum  dots  which  form  the 
basis  of  control  of  the  electron  spin.  Thus, 
our  results  are  couched  first  as  studies  of  the 
exciton  qubits  and  then  of  the  spin  qubits  via 
trions  (exciton  plus  spin)  and  quadrions 
(exciton  plus  two  spins). 
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2.  a.  Pulse-shaping  for  quantum 
operations 

We  illustrate  here  with  an  example  of 
the  motivation  for  pulse  shaping  and  its 
execution.  In  a  two  qubit  system,  the 
interaction  between  two  qubits  enables  a 
logic  gate  which  consists  in  the  conditional 
dynamics  of  one  qubit  on  the  state  of  the 
other.  The  insert  of  Fig.  12  illustrates  the 
control-NOT  operation  that  may  be  carried 
out  by  a  ji  rotation  of  the  |-)  qubit  when  the 


|+)  qubit  is  present  but  not  when  the  |+) 
qubit  is  absent.  In  the  case  of  two  interaction 
excitons,  the  energy  difference  in  the 
transition  between  |+)  and  |+-)  differs  from 
that  between  |0)  and  |-)  due  to  the 
interaction  between  excitons.  Under  ideal 
circumstances,  one  could  use  a  n  pulse  with 
a  frequency  range  much  less  than  the  energy 
difference  between  the  two  transitions  to 
perform  the  rotation  between  |+)  and  |+-) 
without  incurring  the  transition  between  |0) 
and  |-). 


In  the  semiconductor  quantum  dot,  this 
would  entail  a  time  duration  of  the  pulse 
which  would  push  a  long  sequence  of 
operations  over  the  limit  of  decoherence.  In 


any  case,  it  would  vitiate  our  goal  of  a  clock 
speed  of  10-100  ps.  Fig.  12(a)  illustrates  an 
intuitive  pulse  shaping  procedure  where  two 
out  of  phase  pulses  are  taken  to  overlap  the 
resonance  frequencies  of  both  transitions  but 
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with  the  resultant  interference  being 
constructive  at  the  desired  rotation  and 
destructive  at  the  other  transition.  The  net 
result  of  the  dynamics  of  the  |-)  exciton  is 
illustrated  in  Fig.  12(b).  It  undergoes  the 
desired  n  rotation  (the  red  line)  when  the  |+) 
exciton  is  present  and  returns  to  the  original 
state  (absence  of  the  |-)  exciton)  when  the 
|+)  exciton  is  absent.  Because  of  the  broader 
frequency  range,  the  duration  of  operation  is 
limited  to  the  1-10  ps  range. 

More  thorough  analytical  study  with  the 
cluster  expansion  and  numeral  search  of 
maximal  fidelity  is  shown  to  improve  on  the 
naive  construction  of  pulse  shape  in  the 
example. 


2.b.  Polynomial  savings  on  qubit 
operations 

Within  the  stricture  of  exponential 
savings  of  quantum  algorithms,  pulse 
shaping  and  error  corrections  do  add 
polynomial  steps  and  resources  to  the 
computation.  Because  in  preliminary 
experimental  demonstrations  of  short 
algorithms,  the  reduction  of  steps  and 
resources  for  the  procedure,  even  if  it  is  only 
polynomial  in  savings,  may  well  increase 
the  chance  of  success,  we  examine  the 
quantum  operations  and  find  ways  to 
economize. 


Optical  operations  give  most  directly 
operations  from  two  generators  of  SU(2),  for 
example,  in  the  case  of  exciton  qubit,  those 
of  rotations  about  the  x  and  y  axis,  or  in  the 
spin  rotation,  the  Raman  process  generating 
only  the  phase  gates  about  the  z  (optical) 
axis  plus  the  magnetic  field  generating  the 
precession  about  the  x  axis.  While  it  is 


possible  in  principle  to  generate  any 
rotation,  we  can  economize  to  eliminate  the 
unnecessary  steps  involving  rotation  about 
the  third  axis.  For  example,  in  the  x  and  y 
rotation  case,  instead  of  the  improper 
rotation  in  which  form  the  common 
Hadamard  transformation  is  written  and 
would,  thus,  entail  a  mirror  operation  or 
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inversion,  we  can  use  the  proper 
(determinant  +1)  of  the  ji/2  rotation 
throughout  an  algorithm.  In  factorization  of 
the  number  15,  we  have  found  it  more 
economical  to  replace  the  Toffoli  gate  by  a 


modified  one.  Fig.  13  shows  that  the  former 
is  made  up  of  6  CNOT  gates  plus  single 
qubit  operations  whereas  the  latter  3  CNOT 
gates  plus  single  qubit  operations. 


Table  I:  Resource  estimates  for  factorizing  15 


Value  of  a/operations 

a=4/standard 

a=  1 3/standard 

a=13/modified 

No.  of  one-bit  gates  “ 

4 

19 

12 

No.  of  swap  gates 

1 

8 

6 

No.  of  phase  gates 

3 

15 

7 

No.  of  pulses  b 

48 

159 

102 

Duration c 

0.8  ns 

1.2  ns 

1.0  ns 

“All  one-bit  gates  between  controlled  gates  are  counted  as  one  gate  requiring  4  pulses  whose 
total  duration  is  estimated  to  be  less  than  10  ps. 
b Including  21  pulses  for  initialization. 

L  Including  the  time  for  initialization,  estimated  to  be  100  ps  for  qubit. 


2.c.  Quantum  Algorithms 

To  test  our  theory  of  the  quantum 
operations  and  pulse-shaping,  we  simulated 
with  the  exciton  qubits  the  Deutsch-Jozsa 
algorithm  and  the  quantum  Fourier 
transform  and  computed  the  fidelity.  For  the 
optical  control  of  the  spin  qubits,  we  have 
designed  the  whole  process  for  factoring  the 
number  15  and  counted  the  number  of 
pulses  and  the  time  needed.  The  symbol  a 
denotes  the  arbitrarily  chosen  integer  whose 
order  modulo  15  is  to  be  found.  Table  I 
shows  the  results  for  three  cases,  an  "easy" 
case  of  finding  the  order  a=4  modulo  15  and 
a  "difficult"  case  of  finding  the  order  of 
a=13  modulo  15,  where  the  efficiency  of  the 
standard  operations  versus  that  of  the 
modified  operations  are  compared. 


3.  Theoretical  support  of 
experiments 

3.  a.  Spectroscopy  and  Rabi 
oscillations  of  the  exciton  qubit 

Using  experimental  input  (exciton 
energy  levels,  linewidths,  dipole  moments, 
etc.),  we  built  simple  models  and  studied 
coherent  nonlinear  spectroscopy  of  excitons 
in  a  quantum  dot  and  time-dependent 
phenomena  such  as  the  Rabi  oscillations  and 
constructed  the  theoretical  steps  for  one  and 
two  exciton  quantum  operations  in  a  single 
semiconductor  quantum  dot.  In  particular, 
we  interpreted  the  first  experimental 
measured  Rabi  oscillation  spectra  with  a 
decaying  mechanism  due  to  an  incoherent 
population  of  excitons  excited  by  the  laser, 
after  simulating  the  results  of  a  number  of 
possible  mechanisms  of  decoherence. 
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3.b.  Spectroscopy  and  quantum 
operations  of  two  excitons  in  a  single 
qubit 


optical  measurement  of  the  pure  transverse 
spin  relaxation  time. 


We  supply  methods  of  assessing  the 
entanglement  in  the  two-qubit  operations 
and  the  overview  of  the  implementation. 

4.  Current  and  future  work 

4.a.  More  quantitative  assessment  of 
the  performance  of  the  two-qubit  gate 
using  optical  RKKY 

Improvement  on  the  many  electron 
interaction  between  the  two  local  electrons 
and  the  optically  excited  electron-hole  pair 
was  carried  out  in  collaboration  with 
Reinecke's  group  at  NRL.  More  detailed  dot 
structures  than  those  used  in  will  be 
included  for  the  next  generation  dots  being 
produced  by  Gammon's  group. 

4.b.  Spectroscopy  of  the  Raman 
processes  in  the  quantum  operation 
of  a  single  qubit 

Theoretical  support  has  been  provided  to 
the  experimental  measurements  of  spin 
coherence  in  ensemble  and  in  single  dot. 
Decoherence  studies  have  led  to  discovery 
of  the  effects  of  simultaneously  generated 
spin  coherence  on  the  amplitude  and  phase 
of  the  spin  beatings.  Further  collaboration  is 
ongoing  in  the  simple  ways  to  demonstrate 
optical  control  of  spin  rotation. 

4.c.  Sources  of  decoherence  for 
spins  in  the  dot  system 

We  are  working  on  the  mechanisms  of 
decoherence  and  their  effects  on  short-time 
effects  on  individual  quantum  operations 
and  long-time  effects  on  the  whole  sequence 
of  computation.  This  effort  includes  the 
theoretical  investigations  of  methods  of 
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